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Fgf8from the optic vesicle (OV), a laterally protrusive structure of the forebrain, by a
coordinated interaction with surrounding tissues. The OV then invaginates to form an optic cup, and the lens
placode develops to the lens vesicle at the same time. These aspects in the early stage characterize vertebrate
eye formation and are controlled by appropriate dorsal–ventral coordination. In the present study, we
performed surgical manipulation in the chick OV to remove either the dorsal or ventral half and examined
the development of the remaining OV. The results show that the dorsal and ventral halves of the OV have a
clearly different developmental pattern. When the dorsal half was removed, the remaining ventral OV
developed into an entire eye, while the dorsal OV developed to a pigmented vesicle consisting of retinal
pigmented epithelium alone. These results indicate that the ventral part of the OV retains the potency to
develop the entire eye structure and plays an essential role in proper eye development. In subsequent
manipulations of early chick embryos, it was found that only the anterior ventral quadrant of the OV has the
potential to develop the entire eye and that no other part of the OV has a similar activity. Fgf8 expression was
localized in this portion and no Fgf8 expression was observed within the OV when the ventral OV was
removed. These results suggest that the anterior ventral portion of the OV plays a crucial role in the proper
development of the eye, possibly generating the dorsal–ventral gradients of signal proteins within the eye
primordium.
© 2008 Elsevier Inc. All rights reserved.IntroductionDevelopment of the vertebrate eye requires temporally coordi-
nated interactions between the neighboring tissues that create a
series of inductive episodes, including lateral protrusion of the
forebrain vesicle, formation of the optic vesicle (OV), and subsequent
development of the optic cup by invagination of the OV. Finally, a
double-layered structure emerges, each layer giving rise to the neural
retina (NR) and the retinal pigment epithelium (RPE). During optic cup
development, the process of invagination forms a groove at the most
ventral portion that runs continuously along the ventral aspect of the
optic stalk (Chow and Lang, 2001; Martinez-Morales et al., 2004;
Otteson et al., 1998). This structure, known as the optic ﬁssure,
provides a channel for blood vessels and optic nerves. Thus, the
invagination of the OV extends from the distal to the proximal
direction at the ventral part, indicating that the early OV consists of
at least two discrete dorsal and ventral compartments that show
different morphogenesis and developmental fates. The establish-ki).
saka 541-0045, Japan.
l rights reserved.ment of dorsal–ventral polarity in the optic primordium is a key
event not only in eye morphogenesis but also for proper
retinotectal projection (Barbieri et al., 1999; Koshiba-Takeuchi
et al., 2000).
Restricted patterns of gene expression have been shownwithin the
OV and in the neighboring regions. Dorsally or ventrally localized
expression of several genes seems to be of particular importance in
the dorsal–ventral domain formation. These include Bone morpho-
genetic protein 4 (Bmp4), Fgf8 and Sonic hedgehog (Shh) whose
coordinate expression plays a crucial role in ocular development
(Golden et al., 1999; Morcillo et al., 2006; Müller et al., 2007; Ohkubo
et al., 2002; Sasagawa et al., 2002). Several transcription factors, such
as Pax2 and Pax6, are known to play a substantial role in the fate
determination of the OV regions (Baümer et al., 2003; Schwarz et al.,
2000). The domain of Pax2 expression is restricted to the most ventral
region of the OV, and is complementary to that of Pax6 (Leconte et al.,
2004; Macdonald and Wilson, 1996; Nornes et al., 1990). Pax2 and
Pax6 gene expression appear to be reciprocally regulated and the
Shh signal regulates their expression within the ventral portion of the
OV (Schwarz et al., 2000; Zhang and Yang, 2001). Misexpression of
these genes in early chick embryos or loss-of-function experiments in
rodents resulted in various aberrant aspects of development (Matsuo
et al., 1993; Torres et al., 1996; Zhang and Yang, 2001). In zebra ﬁsh,
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eye structure (Hyatt et al., 1996), while disturbance of RA signaling
triggers ventral retina loss (Marsh-Armstrong et al., 1994). Ventral OV
development is thus controlled by a complex interaction of these
different signal molecules.
Further important evidence for the crucial role of D–V polarity in
ocular morphogenesis comes from embryonic transplantation experi-
ments and in vitro organ culture studies (Dütting and Thanos, 1995;
Dütting andMeyer,1995; Kagiyama et al., 2005; Uemonsa et al., 2002).
Development of dorso-ventral polarity begins in the OV at the 6 to 8
somite-stage and dorso-ventral speciﬁcation becomes determined by
the 14 somite-stage before the onset of optic cup formation. This was
shown by a reverse transplantation experiment in which the
truncated OV was transplanted inversely without changing the
anterior–posterior direction (Uemonsa et al., 2002). The reverse
transplantation study also revealed that D–V polarity in the OV is
determined under the inﬂuence of signals derived from the midline
portion of the forebrain, and more importantly indicated that a
disturbance in D–V polarity determination causes the failure of both
optic cup formation and NR and RPE patterning. A further study using
an in vitro organ culture of separated dorsal or ventral head portions
indicated that the dorsal OV is programmed to develop to the RPE,
while the ventral part is mainly programmed as the NR in an early
stage of development (8- to 10-somite stage) (Kagiyama et al., 2005).
RPE fate seems to be speciﬁed by dorsal midline-derived signals,
which may come from neural crest-derived mesenchymal cells
(Fuhrmann et al., 2000; Kagiyama et al., 2005). These studies
demonstrate that the D–V polarity within the OV has a profound
signiﬁcance not only in deﬁning RPE-NR patterning, but also in the
dynamic morphogenetic process for optic cup formation.
In the present study we extended our previous study and
performed in vivo studies by partially removing different portions of
the OV at different developmental stages to clarify whether the
remaining part develops according to its speciﬁcation. We found that
the dorsal half of the OV develops only into a pigmented vesicle (a
vesicular structure consisting of only RPE cells). However, the ventral
half develops into an eye with normal structures, indicating there is a
critical difference in developmental potency between the dorsal andFig.1. Schematic drawing of dorsal view of embryos, showing the surgical manipulation to rem
(shown as 1 in A and B) was set at the most proximal position of the optic vesicle. Transectventral OV before optic cup invagination. By removing a larger
portion, it was ﬁnally found that the anterior ventral quadrant of the
OV is sufﬁcient in normal optic morphogenesis, although no other
quadrant showed such potency, and this developed to an entirely
pigmented vesicle. Since the dorsal head portion was previously
shown to have an important role in the dorsal–ventral coordinate
(Kagiyama et al., 2005), we propose that both the dorsal head portion
and anterior-ventral OV play crucial roles together in dorso-ventral
axis formation and in the further development of the eye primordium.
We show for the ﬁrst time that the OV consists of several different
sectors as to developmental potential, providing new insights to the
developmental aspects of the eye.
Materials and methods
Surgical manipulation of chick embryos
Fertilized eggs were incubated in a humidiﬁed atmosphere at 37.8 °C. All operations
were carried out according to the procedures previously described (Alvarado-Mallart
and Sotelo, 1984; Araki et al., 2002; Bronner-Fraser, 1996; Uemonsa et al., 2002). A small
windowwasmade in the shell and India ink diluted in Hanks' solutionwas injected into
the yolk beneath the embryos to visualize the embryonic structures. The vitelline
membrane covering the embryo was removed and embryos were staged according to
Hamburger and Hamilton (1951). Embryonic manipulation was performed in embryos
between 8- and 18-somite stages (HH stage 9 to 14) with a ﬁne hand-made, and
sharpened needle. The manipulation was always carried out on the right eye. After
manipulation, the window of the host egg was sealed with sealing tape, and all eggs
were incubated at 37.8 °C until E5.
Partial removal of the OV was performed by a procedure as summarized in Fig. 1. In
brief, to remove either the dorsal or ventral portion, the proximal boundary between
the OV and the brain vesicle of the head was ﬁrst transected at the dorsal or ventral side
followed by a transection along the horizontal circumference (Figs. 1A and 2A, B). For
the anterior or posterior removal of the OV, the ﬁrst transection was made either at the
posterior or anterior side halfway at the proximal boundary, followed by an anterior–
posterior midline transection of the OV (Fig. 1B). In all cases, we paid particular
attention to the proximo-distal position of the transection.
Histological preparations
At E4 or E5, embryos were removed from the egg and the operated eyes were
examined in terms of morphology; the ocular size and form, the distribution and
density of the pigmented granules and the presence or absence of the optic ﬁssurewere
carefully inspected. Embryos were then subjected either to ordinary histology,
immunocytochemistry or in situ hybridization.ove different parts of the optic vesicle. The proximo-distal level for the ﬁrst transection
ions were done in order according to the numbers indicated at each ﬁgure.
Fig. 2. Histological observations of the developing eye after removal of the dorsal (A to F) or ventral (G to K) optic vesicle. E, F, J, K are stained with hematoxylin and eosin. (A, G)
Transverse sections of optic vesicles at the 10-somite stage to show the approximate levels of incision. (B) A dorsal view of embryo fromwhich the dorsal half of the right optic vesicle
has been removed. (C, D) Removal of the dorsal optic vesicle. The unoperated left eye (C) and the operated right eye (D), fromwhich the dorsal part has been removed. No apparent
differences can be seen in their morphology, and the choroids ﬁssure is observed in the operated eye (arrow in D). (E, F) Histology of the unoperated (left side) and operated (right
side) eyes. The area in a red box in (E) is shown in (F) at a higher magniﬁcation. Both the RPE (arrow in F) and NR differentiate normally. (H, I) Removal of the ventral optic vesicle.
Unoperated left eye (H) and operated right eye (I). The operated eye shows a densely pigmented, tiny eye. (J, K) Histology of the unoperated (left side) and operated (right side) eyes.
The operated eye did not invaginate and remains as a vesicular structure (arrow in J). The area in a red box in (J) is shown in (K) at a higher magniﬁcation and shows a densely
pigmented multi-stratiﬁed epithelium (arrow in K).
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6 h, dehydrated in a graded series of ethanol, and ﬁnally embedded in parafﬁn. Serial
sections of 6 μm thickness were cut and stained with hematoxylin and eosin.
Immunocytochemistry
For immunocytochemical staining, embryos were ﬁxed with ice-chilled 4%
paraformaldehyde in an 80 mM phosphate buffer for 6 h. After washing
thoroughly with the same buffer containing 10% sucrose followed by washing
with a buffer containing 20% sucrose, embryos were embedded in Tissue-Tek, and
sections of 10 μm thickness were cut on a cryostat. Immunocytochemistry of cRax
(Sakagami et al., 2003) and Mitf (Mochii et al., 1998) were processed by the
indirect method using Alexa ﬂuorescent probes as reported previously (Kagiyama
et al., 2005). The immunoreactive sites were detected by using a ﬂuorescein-
conjugated second antibody (Alexa-488; Molecular Probes) according to the
method described previously.In situ hybridization
Plasmids containing Tbx5 and Pax2 cDNAs in pBluescript SK (−) were linearized
with EcoRV and EcoRI and transcribed in vitro with T3 RNA polymerase to generate
digoxigenin-labeled antisense and sense RNA probes, respectively (Promega). The Tbx5
cDNAwas obtained fromDr. T. Ogura (Tohoku University) and the Pax2 cDNA fromDr. H.
Nakamura (Tohoku University). Whole-mount in situ hybridization was performed as
described previously (Henrique et al., 1995; Uemonsa et al., 2002). After hybridization,
embryos were incubated with 1/2000-diluted alkaline phosphatase-conjugated anti-
DIG antibody (Roche) overnight, and NBT (nitroblue tetrazolium)/BCIP (5-bromo-4-
chloro-3-indoyl phosphate) staining was used to detect hybridization signals. Embryos
were photographed with a camera attached to a stereomicroscope (Olympus).
To produce the Shh antisense probe, aHindIII/PstI DNA fragment encoding the chicken
Shh was ampliﬁed using total RNA extracted from embryonic day 2 whole embryos with
Iosgen (Nippon Gene) and the appropriate primers (GATTGCTGTCTCCCGACCAA and
TAGAGGAGCCGTGAGTACCA). The PCR product was digested with HindIII plus PstI and
623M. Hirashima et al. / Developmental Biology 317 (2008) 620–631subcloned into theHindIII/PstI sites of pBluescript II SK (+). Fgf8 riboprobe (a gift fromDr. K.
Yasuda, NAIST) was prepared according to the manufacturer's instructions. To generate
probes to detect Fgf8 and Shh mRNA, plasmid templates for Fgf8 and Shh were digested
with NcoI and HindIII, respectively, followed by transcription with T7 and T3 RNA
polymerase. The chickenShhprobewas1489bp in length, including an open reading frame
(ORF) and 5′ untranslated regions (UTRs).
DiI labeling
In order to label the brain vesicle, a tiny crystal of DiI, a hydrophobic ﬂuorescent
probe, was placed on the cut surface of the brain after the dorsal half of the optic vesicle
was removed. Embryos were incubated until E5, and ﬁxed with ice-chilled 4%
paraformaldehyde in 80 mM phosphate buffer. Sections were then cut on a cryostat
and examined to see whether labeled cells were present in the neural retina and retinal
pigment epithelium of the operated eyes.
In another labeling experiment, DiI dissolved in DMSO was infused into the
remaining anterior ventral quadrant of the OV to see whether this small portion would
develop into the entire eye (Fig. 1C). DiI solution was applied to the cutting edges of the
remaining OV (the horizontal and vertical transverse edges) through a ﬁne glass
capillary.
Results
Removal of the dorsal or ventral half of the optic vesicle at different
stages of developing embryos
We removed either the dorsal or ventral half of the optic vesicle
(OV) at 8- to 16-somite stages (Figs. 2 and 3). Embryos were then
histologically examined on embryonic day 5 (E5) for their shape,
diameter, pigmentation, and the presence of the optic ﬁssure.
Depending on which portion was removed, different results were
obtained (Figs. 2 and 3).
We examined the effect of timing of surgical manipulation on the
development of the OV (Fig. 3). When the dorsal OV was removed
from embryos at the 8-somite stage (n=10) and 10-somite stage
(n=18), the remaining ventral OV developed normally (80% and 74%,
respectively) (Figs. 2A–F). At the 16-somite stage, the proportion of
normally developing eyes was signiﬁcantly decreased to less than 40%
from 80% at the 14-somite stage, and it further decreased to less than
10% when embryos were operated on at the 18-somite stage. In these
cases, most of the operated eyes had a partial aberration such as a
retinal protrusion and a partial absence of RPE (Fig. 4). These eyesFig. 3. Proﬁles of developing eyes after partial optic vesicle removal. (A) Removal of the dors
absence of either NR or RPE), and microphthalmia (small eye with both NR and RPE differe
normal, intermediate and pigmented vesicle types. Intermediate type of eyes show a smal
Pigmented vesicle type of eyes are small in size, densely pigmented and does not invaginatwere referred to as ‘partially aberrant eyes’. Microphthalmic eyes were
only observed in approximately 10% of the cases following the
operation at these stages.
In contrast, when the ventral portion was removed, severe
anomalies were frequently observed, the eyes being densely pigmen-
ted, with optic ﬁssure development not observed (10- and 12-somite
stages, 50%; 14-somite stage, 100%) (Figs. 2G–K). Histological
examination showed that the optic vesicle did not invaginate and
the epithelial wall of the vesicle consisted of a multi-stratiﬁed
pigmented epithelium with no indication of neural retina develop-
ment (Figs. 2J, K). This type of eye was dubbed ‘pigmented vesicle’,
since only the RPE differentiated, as determined by Mitf and cRax
expression (Fig. 6).
When the ventral OV was removed from early embryos at the 6-
and 8-somite stages, the operated eyes developed normally in 50% of
the embryos (n=21). The rest of the operated eyes (40%) showed
microphthalmia, were round in shape, and a littlemore pigmented. No
optic ﬁssure formed and invagination of the OV was incomplete (Fig.
5). These eyes were referred to as ‘intermediate type of eyes’. In total,
10% were pigmented vesicle type eyes. As the stages of operation
proceeded, all of the embryos had anomalous features; in embryos
operated on at either the 10- or 12-somite stage, pigmented vesicles
were observed in 50%, and in embryos operated on at the 14-somite
stage or later, pigmented vesicles were found in almost 100% of cases.
It is noteworthy that the lens vesicle did not develop in the dorsal OV
in many cases when the ventral OV was removed.
Closer observations of eye development after dorsal or ventral half
removal of the optic vesicle at the 10-somite stage
Within 3 h after the operation, the opening produced by the
operation was sealed and the remaining part of the OV re-formed a
small vesicle. When embryos were ﬁxed at E5, most of the operated
eyes, with the dorsal half removed, appeared normal in their
conﬁguration, size, and pigmentation, as described earlier. They also
had normal histological appearance, with both NR and RPE developing
normally (Figs. 2E, F). These results suggest that the remaining ventral
half of the optic vesicle would have developed into whole eyeal optic vesicle results in three different types of eyes; normal, partial aberrant (partial
ntiation and optic ﬁssure), while in (B), removal of the ventral optic vesicle results in
ler size, incomplete invagination of the optic vesicle and absence of the optic ﬁssure.
e (see Fig. 2J).
Fig. 4. Aberrantly developing eyes by removal of the dorsal optic vesicle at the 16-somite stage (hematoxylin and eosin staining). (A, B) The RPE layer is partially lacking in the
posterior portion of the eye as shown in (B) at a higher magniﬁcation (arrows). (C, D, E) Protrusion of the NR and RPE. This occurs probably due to the incomplete closure of the
lesioned optic vesicle. The area indicated by an arrow in (D) is shown in (E) at a higher magniﬁcation. Arrow in (E) shows RPE. (F, G, H) An example of microphthalmic eye. These three
micrographs show the same portion at different magniﬁcations.
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some cases (n=5), however, slightly abnormal eyes were observed,
with the neural retina partly protruding from the eyeball, probably dueFig. 5. Aberrantly developing eyes (intermediate type) by removal of the ventral optic vesicle
show the same portion at different magniﬁcations. The invagination of the optic vesicle is no
Arrowhead indicates the boundary between NR and RPE.to incomplete occlusion of the opening by the operation (Figs. 4C–E).
Optic cup formation and both NR and RPE differentiation were all still
normal in these cases.at the 12-somite stage. (Hematoxylin and eosin staining) The three micrographs (A–C)
t complete and the neural retina developed only poorly as indicated by an arrow in (C).
Fig. 6. cRax and Mitf immunocytochemistry of the eye developing from the dorsal optic vesicle (ventral optic vesicle was removed at the 10-somite stage). In the normal eye, the
neural retina and RPE is speciﬁcally stained by cRax andMitf antibodies (A, C), respectively, while intense staining for Mitf is seen in the pigmented vesicle developed from the dorsal
half (D) and no cRax staining can be seen (B).
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portionwas removed (n=12), although one-third of the operated eyes
developed normally (33%). In half of the cases (50%), microphthalmia
with an oval conﬁguration was observed. The eyes were densely
pigmented and no optic ﬁssure was observed (Figs. 2I–K). Differentia-
tion of NR and RPE was examined using cRax and Mitf as respective
markers by immunocytochemistry (Fig. 6). The results showed that
the vesicles were positively stained only for Mitf. Hence, this type of
anomalous eye is referred to as ‘pigmented vesicles’, as described
before. The rest of the operated eyes (17%) also showed microphthal-
mia and were considered to be ‘intermediate type of eyes’ (Fig. 5).
To examine whether the dorsal part of the brain vesicle tissue
(extra-ocular portion) contributed to the reformation of the optic
vesicle, a labeling experiment with DiI was performed. For this
purpose, the dorsal OV was removed at the 10-somite stage, followed
by the placing of a tiny DiI crystal at the cutting edge of the forebrain.
The embryos were then developed for 3 days and examined by a
ﬂuorescent microscope to see whether the ocular tissues were labeled
with DiI (Fig. 7). It was found that the diencephalon was densely
labeled, while the eye tissues were not labeled, except for the optic
stalk. Neither the NR nor the RPE was labeled, suggesting that the
whole eye structure developed only from the remaining ventral part
of the optic vesicle.
Another labeling experiment was also performed by labeling the
remaining part of the OV. The remaining OV (anterior ventral
quadrant) was labeled by DiI dissolved in DMSO. When the embryos
were examined 2–3 days after the operation, the whole eye was
labeled with DiI, suggesting that a small part of the remaining OV
developed into the entire eye (Figs. 7F–I).
Expression patterns of transcription factors (Pax6, Pax2, Tbx5, Otx2, Six3,
Chx10) involved in proper ocular development
Expression proﬁles of transcription factor genes were examined on
E3 embryos (24–30 h after the surgical operation) to observe the
consequences of dorsal or ventral OV removal (Fig. 8).When the dorsalportion was removed at the 14-somite stage, ocular development did
not appear to be affected signiﬁcantly from the morphological criteria.
The expression pattern of Pax2 was identical to unoperated eyes,
while the Pax6 expression domain was shifted more dorsally
compared to normal eyes. Tbx5 expression was also slightly shifted
to a more dorsal region, although this was less pronounced than the
case of Pax6 expression. Expression of Otx2, Six3 and Chx10 was
reduced, and detectable in a smaller region than normal. These
observations suggest that dorsal OV removal caused a slight delay in
the development of RPE and NR.
When the ventral part was removed at the 14-somite stage,
expression of some of these genes on E3 embryos was affected more
clearly than found with dorsal removal; Pax6 expression covered the
entire optic primordium, while Pax2 expression was limited to the
most ventral region. Tbx5 expressionwas foundmore dorsally and less
intensely than normal. Six3 expressionwas considerably reduced, and
no Chx10 expression was detected. These observations suggest that
neural retinal development did not take place in the absence of the
expression of an important set of retina-associated transcription
factor genes after the removal of ventral OV, suggesting that ventral
OV plays an important role in upregulating these genes.
Expression patterns of signal molecules (Fgf8, Shh) located at the ventral
part of the head
The expression proﬁles of Fgf8 and Shh in the chicken optic vesicle
have been reported previously and they are considered to play a
crucial role in ocular development (Crossley et al., 2001; Ohkubo et al.,
2002). We examined whether the removal of the ventral OV caused
downregulation of expression of these genes, thus resulting in
anomalous eye development.
In the normally developing optic primordium, Fgf8 expression is
observed at the ventralmost part of the forebrain vesicle, extending
toward the ventral part of the OV as a thin line (Figs. 9B, C). This
expression proﬁle in the ventral OV was prominent at the 16-somite
stage and persisted during further development. When the ventral OV
Fig. 7. DiI labeling of the brain vesicle epithelium of embryos from which the dorsal half was removed at the 10-somite stage (A–E). DiI was placed at the cutting edge of the brain
vesicle as illustrated in A. (B, D) are Nomarsky differential microscopic image. DiI staining is found in the brain vesicle (asterisks) and optic stalk (arrows in D, E), but not in the ocular
tissues (double arrow in B). B, C are shown in D, E, respectively at a higher magniﬁcation. DiI labeling of the remaining anterior ventral optic vesicle (F–I). DiI dissolved in DMSO was
applied at the cutting edges of the anterior ventral part of the optic vesicle at the 12-somite stage. DiI staining is observed in most parts of the operated eye (arrows in F and G), while
only background ﬂuorescence is seen in the unoperated eye (arrows in H and I).
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primordium at 12–16 h after operation, nor was it found at 2 days
after the operation (Figs. 9A, B; G–J).
Shh is a crucial gene for the ventral midline structure and is localized
at the ventral midline region of the forebrain. The expression did not
extend to the ocular primordium during normal development and thus
appeared to be unaffected, regardless of the operation (Figs. 9D–F).
Removal of the anterior (nasal) or posterior (temporal) half of the optic
vesicle and development of the anterior ventral quadrant of the optic
vesicle
We next studied whether the removal of the anterior or posterior
half portion of the OV had a similar effect on ocular development as
found with dorsal or ventral removal (Fig. 10). The proximal boundary
of the OVwas ﬁrst transected at the anterior or posterior side followed
by a transection through the antero-posterior midline of the OV (Fig.
1B). We always paid attention to the proximo-distal level of the ﬁrst
transection to adjust it at the most proximal position of the OV,
because this considerably affected the results obtained.
When the anterior (nasal) OVwas removed between the 7- and 13-
somite stages, the remaining posterior half mostly developed
abnormal and formed pigmented vesicles, the same as those seen
with ventral OV removal (Fig. 10A). In contrast, when the posterior
(temporal) part was removed at the stages between 7- and 14-
somites, the remaining anterior OV developed normally in most cases
(n=12) (Fig. 10B). Thus, it was concluded that either the anterior half
or the ventral half alone could reconstitute the entire eye structure,
while the dorsal or posterior half alone developed only to the RPE
structure by ceasing optic cup formation.
Based on these observations, we then examined whether a smaller
region of the OV could develop the whole structure or not. Since theanterior ventral quadrant was the denominator of the halves with the
potential to develop into a normal ocular structure, we left the anterior
ventral quadrant of the OV by removing the other three quadrants (Fig.
1). The results showed that this small part could develop into thewhole
eye structure when the operationwas done in embryos between 8- and
12-somite stages (n=9) (Fig. 10C). The postero-ventral quadrant alone
developed only to the pigmented vesicles (n=12) (Fig. 10D). These
results indicate that the anterior ventral quadrant of the eye
primordium possesses full potential for ocular development and
suggest a decrease in this potentiality with ventral to dorsal and
anterior to posterior gradients. It is of particular interest to note that fgf8
expression was observed at this anterior-ventral part of the OV (Fig. 9).
We performed an additional experiment to see whether this
anterior ventral quadrant is essential for eye development or if other
part could compensate for it. The anterior ventral quadrant was
removed and the remaining three quarters of the OV were examined
for development (Fig. 1). The results were not clear-cut compared to
other types of partial removal. It was noticed, however, that
pigmented vesicles or intermediate type eyes were frequently
observed when embryos at 10- or 11-somite stage were operated
on, signiﬁcantly more frequently than found in cases where either the
anterior half or ventral half developed. Removal of the anterior ventral
quadrant in embryos later than the 12-somite stage mostly resulted in
normally developing eyes. These results reconﬁrmed that the anterior
ventral quadrant of the OV has a crucial role in the early stage (HH
stages 10 and 11) of ocular development.
Discussion
The present study used an embryonic surgery technique to
investigate ocular development, in particular, to determine the
developmental fate of the dorsal or ventral part of the optic vesicle
Fig. 8. Expression patterns of transcription factors involved in ocular development. In situ hybridization of 6 different transcription factor genes are performed in E3 embryos from
which either the dorsal or ventral optic vesicle has been removed at the 12-somite stage. Micrographs in the left, middle and right columns are from normal and dorsal half removed
and ventral half removed eyes, respectively. Expression patterns of the unoperated eyes (contralateral side) are always mostly similar to those of the normal eyes.
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developmental fate of the eye anlagen is determined, extending our
previous investigations that have elucidated that the dorsal and
ventral speciﬁcation within the OV is essential for proper ocular
morphogenesis (Kagiyama et al., 2005; Uemonsa et al., 2002). A new
discovery was that a distinct difference in the morphogenesis and
developmental fates was found between the dorsal and ventral OV: in
the absence of the ventral OV, the remaining dorsal OV develops into a
pigmented vesicle, without undergoing any further ocular morpho-
genesis (for instance, invagination to form the optic cup). In contrast,
in the absence of the dorsal OV, the ventral OV develops into an entire
eye structure. We also found that the anterior ventral quadrant of the
OV alone develops into an entire eye. These results suggest that the
anterior ventral portion of the OV has essential roles in ocular
morphogenesis such as formation of the optic cup, and development
of the neural retina and pigment epithelium.A clear difference in the developmental fate of the dorsal and ventral
optic vesicle
Therewas a clear difference in the developmental fate between the
dorsal and ventral half of the OV. A characteristic feature of the dorsal
OV development was formation of a pigmented vesicle in approxi-
mately 50% of cases when the removal operationwas performed at 10-
to 17-somite stages. This is a vesicular structure solely consisting of
RPE cells, and NR-markers such as cRax were not expressed, showing
that neither optic cup formation (invagination of the OV) nor NR
developmentwas proceeding. The rest of the caseswere either normal
or microphthalmic eyes. Such a variation in the resulting eyes is due to
the excision level in the D–V direction during the operation, since
most of the remaining dorsal OV developed normally if the excision
was made more ventrally, while most of them formed a pigmented
vesicle when it was made more dorsally (data not shown), suggesting
Fig. 9. Fgf8 and Shh expression in the eye primordium after the removal of the ventral optic vesicle at the 14-somite stage. (A–F) Whole-mount in situ hybridization of Fgf8 (A, B, C)
and Shh (D, E, F) were performed 12–16 h after surgical operation. Fgf8 expression is not detected in the operated eye primordium (red asterisks in A and B), while it is visible in the
unoperated side (black arrows in B and C). No clear difference can be found in the Shh expression between the operated and unoperated eyes (D–F). (G–J) In situ hybridization of Fgf8
was donewith cryostat sections (2 days after operation). (G, H) and (I, J) show transverse serial sections at the nasal and temporal levels, respectively. The operated eye develops into a
pigmented vesicle (right side), where no Fgf8 expression can be found (red arrows). In contrast, Fgf8 expression is clearly observed at the central retina of the unoperated eye (black
arrows). No difference is seen in Fgf8 expression in the optic stalk (H) and the maxilla ectoderm (J) between the right and left eyes.
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was observed in our previous studywhen D–V reverse transplantation
was done in the OV at the 10-somite stage without changing the
anterior–posterior direction (Uemonsa et al., 2002), indicating that
formation of distinct D–V polarity within the OV is a prerequisite for
proper development of the optic cup (most critical episode for eye
morphogenesis) as well as RPE-NR patterning. In the present study,
when the removal of the ventral half was performed at stages later
than the 14-somite stage, pigmented vesicle formation was found in
almost 100% of cases. This result is consistent with the previous
ﬁnding that D–V polarity in the OV is determined no later than the 14-
somite stage. It is also suggested by the present results that the fate
determination in the dorsal OV proceeds in a dorso to ventral
direction.
The anterior–posterior gradient of such a developmental potential
was also suggested in the present study; removal of the anterior half of
theOV resultedmostly inpigmented vesicle formation,while removal of
the posterior OV did not cause any anomaly. Previous studies using
partial ablation of either the anterior or posterior OV indicated a slightmorphogenic malformation in the resulting eyes (Dütting and Thanos,
1995;Matsuno et al.,1992; Schulte et al., 2005); removal of thedorsalOV
causes loss of the area centralis (a rod-free central retina) and a
disorganized pattern of rods (Schulte et al., 2005), indicating that retinal
patterning requires some other positional speciﬁcation produced by
secondarily activated genes.With embryonicmanipulation by removing
certain parts of the OV, ocularmorphogenesis is signiﬁcantly affected by
theexcision level as to theA–Pdirection (Dütting andThanos,1995). This
was conﬁrmed in the present study; the less anterior portion of the OV
was removed, the more normal eye developed. At the same time, the
proximal–distal level of transection is also crucial to the outcome, as
described previously (Uemonsa et al., 2002).
Role of the dorsal head portion in ocular morphogenesis
Developmental fate of the ventral OV can be still altered fromNR to
NR and RPE, even at the 16-somite or later stages, indicating that a
new polarity can be reset in the ventral OV when the dorsal OV is
removed. It can be excluded that the dorsal part of the brain vesicle
Fig. 10. Results of partial optic vesicle removal experiments. The remaining part of the optic vesicle in each operation is shown by blue color. The operated eyes were examined for the
morphological criteria at E3.5. (A and B) Anterior (nasal) or posterior (temporal) half was removed. (C) Dorsal-posterior 3 quadrants were removed and the remaining quadrant of the
ventral-anterior portion was examined for its development. (D) Dorsal-anterior 3 quadrants were removed and the remaining ventral-posterior quadrant was examined for its
development. Each table contains the results of individual cases; stage of operation (by somite number), intensity of pigmentation, presence of optic ﬁssure and the overall
morphology. The criteria for pigmentation levels are: + (normal phenotype), ++ (apparently more pigmented than the normal eye), +++ (densely pigmented). For the optic ﬁssure,
“Yes” indicates optic ﬁssure develops, while “No” indicates it is not formed. “U.D.” indicates it was not conﬁrmed. The overall morphology is shown by “O” for normal development,
“PV” for pigmented vesicle, “Im” for intermediate and “Mi” for microphthalmia. The criteria for these deﬁnitions are described in the legends of Figs. 3 to 5.
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of the eye structures was labeled by DiI when the dorsal brain vesicles
were labeled with DiI.In our previous study using an organ culture technique, we
separated the head portion of chick embryos into its dorsal and
ventral halves by making an incision at the horizontal midline of the
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(Kagiyama et al., 2005). The results clearly showed that intense Mitf
staining was seen in the cultured dorsal head, whereas cRax staining
was found only in the ventral part, suggesting that these two
regions are programmed to develop with separate fates. We also
examined the effects of tissue interaction between the OV and either
the dorsal or ventral head portion in culture (Kagiyama et al., 2005),
and the OV without the ectoderm, which normally develops only to
the NR fate, was co-cultured either with the dorsal head or the
ventral head. Combination culture of the OV with the dorsal head
portion induced the OV to develop into both RPE and NR (Kagiyama
et al., 2005). The dorsal head portion also suppressed Pax2
expression in cultured OV. The ventral head did not show such
effects on OV development. Together with the present results, it is
suggested that the ventral OV can be re-speciﬁed to develop to both
NR and RPE in the embryonic milieu, probably under the effect of
the dorsal head. On the contrary, NR fate was not induced in the
dorsal OV in embryos, suggesting that the ventral head portion is
not sufﬁcient to re-specify the dorsal OV.
A previous in vitro study suggested that mesenchymal cells
deriving from the cranial neural crest (NC) inhibit a NR-speciﬁc
transcription factor, Chx 10 and promote a RPE-speciﬁc gene, Mitf
(Fuhrmann et al., 2000). Although it is still unclear whether the
mesenchymal cells distributing at the dorsal part directly or indirectly
affect the developmental fate of the OV, anomalies in ocular
development are sometimes associated with impaired migration of
NC cells (Araki et al., 2002;Matsuo et al., 1993; Osumi-Yamashita et al.,
1997). NC cell migration was affected when the ventral OV was
removed (data not shown); NC cells migrated down to the ventral area
around the eye rudiment, otherwise theymigrated just to the half way
point of the OV. Whether this is the cause of the anomalous
development of the dorsal OV must be examined in further studies.
Gene expression proﬁles in the eye primordium of the developing dorsal
or ventral OV
Gene expression patterns of several transcription factors such as
Pax6, Pax2, Tbx5, Otx2, Six3 and Chx10, were examined at 24 h after
surgery. When the dorsal OV was removed, the remaining ventral OV
developed mostly into a normal eye. In this case, expression patterns
of all genes examined were mostly the same as those of the un-
operated eyes, as expected, although Pax6 and Tbx5 expression were
found to be localized a little more dorsally than observed in the un-
operated eyes. This is probably due to de novo expression of the two
genes in the ventral OV, where theywould not otherwise be expressed
(Koshiba-Takeuchi et al., 2000).
When the ventral OV was removed at the 14-somite stage, the
remaining dorsal OV developed into anomalous eyes, and they were
mostly pigmented vesicles. In this case, gene expression patterns
were considerably affected. Pax6 expression was observed in most of
the developing eye, while Pax2 expression was observed more
ventrally, consistent with the previous ﬁnding that expression of
Pax2 and Pax6 is reciprocally repressed (Schwarz et al., 2000). The
most prominent effect was noticed in the expression of Tbx5, of
which the intensity considerably decreased with further develop-
ment. Previous studies indicated that expression of Tbx5 is closely
related to Pax6 expression. In the Pax6 null mutant mouse, Tbx5 was
not expressed (Bäumer et al., 2002). Overexpression of Pax6 in the
chick optic cup using in ovo electroporation extended the Tbx5 and
BMP4 domains (Leconte et al., 2004). The present observation
indicates that the ventral OV, in addition to Pax6 expression, is
also necessary to maintain Tbx5 expression in the dorsal OV. The
proper expression of Tbx5 and cVax is critical for the early
determination of the dorsal and ventral compartments of the optic
cup (Koshiba-Takeuchi et al., 2000). A prominent decrease in Tbx5
and Pax2 expression level after the removal of the ventral OV mayindicate that the proper dorso-ventral polarity is lost in the
remaining dorsal OV, and re-enforces the importance of dorso-
ventral polarity in ocular morphogenesis.
When the ventral OV was removed at the 14-somite stage,
expression of Otx2, Six3 and Chx10 was also affected considerably;
Otx2 expression appeared upregulated, while Six3 and Chx10 were
prominently downregulated. These genes are known to play crucial
roles in the development of NR and RPE, respectively (Bovolenta et al.,
1997,1998; Crossley et al., 2001; Liu et al., 1994; Nguyen and Arnheiter,
2000; Oliver et al., 1995). As the remaining dorsal OV develops only to
RPE cells, forming a pigmented vesicle, this expression proﬁle
indicates that retinal development is suppressed at the level of fate
determination.
Ocular morphogenesis and related signal proteins
Numerous signal molecules are involved in the early events of eye
development, suchasBMPs,Wnt, Shh, FGFs, and retinoic acid (Dale et al.,
1997; Golden et al., 1999; Martinez-Morales et al., 2005; Müller et al.,
2007; Sasagawa et al., 2002). Among them, FGF8 and Shhare localized in
the ventral part of the forebrain, and are considered to play a key role in
regulating ocular development (Crossley et al., 2001; Martinez-Morales
et al., 2005; Ohkubo et al., 2002; Vogel-Höpker et al., 2000). Shh
expression was observed in ventral structures such as the prechordal
plate and is required for the separation and formation of the bilateral eye
ﬁelds (Chiang et al., 1996; Ericson et al., 1995). Shh activity regulates the
expression of the Pax6 and Pax2 genes, antagonizing the expression of
Bmps (Zhang and Yang, 2001). In the absence of BMPs, Pax6 expression
is induced in the outer layer of the optic cup, and the BMP signal appears
essential for RPE development (Müller et al., 2007).
Continuous expression of Fgf8 in the rostral procencephalon
appears to require the Shh signals (Ohkubo et al., 2002). FGF signals
pattern the OV by inducing NR development, and ectopic FGF
signaling by Fgf1 or Fgf8 expression causes a transformation of RPE
into NR (Crossley et al., 2001; Hyer et al., 1998). Fgf8 expression is
localized in a thin stripe that extends through the basal telencephalon,
optic stalk, and ventral OV at around the 13-somite stage (Vogel-
Höpker et al., 2000), and this appears to roughly correspond to the
anterior ventral quadrant of the OV. In the present study, when the
ventral OV was removed, Fgf8 expression was not induced in the
remaining dorsal OV, suggesting that Fgf8 expression is necessary for
NR development. Shh expression, however, was not affected and was
observed in the remaining ventral head, indicating that Shh could not
induce Fgf8 expression in the dorsal OV. A ventrally localized FGF
signal may reciprocally interact with dorsal head-derived signals such
as BMPs, which are essential for RPE development. Further investiga-
tions are currently ongoing in our laboratory to clarify the molecular
events that underlie ocular morphogenesis, particularly the role of
signaling molecules in OV fate determination.
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